This inhibitory compound could well be a new tricarboxylic acid containing six carbon atoms, such as oxalomalic acid. It seems very likely that such a compound, even at very low concentrations, could compete with the enzymic systems related to citrate oxidation.
The Relationship between Catalase and Haemoglobin in Human Blood BY H. MILLER Portsmouth and Isle of Wight Area Pathological Service, Royal Hospital, Port4mouth (Received 26 October 1956) There is insufficient evidence so far to indicate the biological function of catalase, but there is indication that its presence in the living cell is protective against the toxic effects of hydrogen peroxide which may be produced as a by-product during the various oxidative enzymic reactions that occur in living organisms. (Keilin & Hartree, 1945) .
Catalase, which like haemoglobin is a haematinprotein complex, is found principally in the redblood cells and liver cells and is produced in the marrow and liver cells (Theorell, 1951) . Its presence in plasma is probably due to haemolysis (Perlmann & Lipmann, 1947) . Interest in a possible role for hydrogen peroxide in the catabolism of haemoglobin was initiated by Bingold (1935) , who found that haemoglobin could 2H. MILLER be oxidized by hydrogen peroxide with resulting splitting of the tetrapyrrolic haematin ring into two dipyrrolic compounds, which then could be reduced to pink compounds-the pentdyopent reaction. It was later found, however, that this reaction could be obtained with other tetrapyrroles such as bile pigments. Lemberg & Legge (1949) found that, under conditions approximating to those found in the circulating red cell, haemoglobin is converted into choleglobin (an iron-containing tetrapyrrole-globin complex with the tetrapyrrole ring modified) by coupled oxidation with ascorbic acid in the presence of oxygen. The ascorbic acid acts as a hydrogen donor, and an intermediary haemoglobin-hydrogen peroxide complex is formed. They also found that choleglobin formation in mammalian red cells is increased when the cells are haemolysed, and correlated this increase with a fall in catalase concentration that occurs with loss of stroma of the red cells.
In a review of some haemolytic mechanisms, Ponder (1951) has suggested that the presence of catalase in the red cell may be important in relation to red-cell ageing, since choleglobin-containing red cells are abnormally fragile, osmotically and mechanically. Like Lemberg & Legge, he considers it possible that catalase helps to preserve the red cell by reversing the change of haemoglobin to choleglobin at the intermediate haemoglobinhydrogen peroxide stage, and quotes Foulkes & Lemberg (1949) , who state that mammalian red cells rich in catalase have a longer life span than avian red cells, which have a low concentration of catalase. Keilin & Hartree (1945) , however, have found that hydrogen peroxide which was being continuously generated in a system containing glucose oxidase produced small amounts of choleglobin and methaemoglobin from oxyhaemoglobin despite the presence of catalase.
Because of the common haematin prosthetic group of haemoglobin and blood catalase, their common distribution and common site of manufacture, and because of this possible protective effect of catalase for haemoglobin, it was decided to investigate the quantitative relationships between them in health and disease, especially anaemia.
Catalase acts by accelerating the decomposition of hydrogen peroxide into water and oxygen and its activity can therefore be estimated manometrically (e.g. Perlmann & Lipmann, 1947 ), or titrimetrically (e.g. Euler & Josephson, 1927 Bonnichsen, Chance & Theorell, 1947) . In these methods, the velocity constants for the reactions were determined and used to estimate the activity of the catalase preparations by substitution in the formula Kat.f. = k/(g. of catalase protein in 50 ml.
reaction mixi ure), where k is the reaction-velocity constant and Kat.f. (Euler & Josephson, 1927) is the measure of purity of the preparation. Herbert & Pinsent (1948) Theorell (1951) and Beers & Sizer (1953) have criticized the manometric procedure as not suitable for kinetic studies of catalase.
In the above methods the authors had attempted to obviate the destructive effect of the substrate upon the enzyme. They used an excess of enzyme so that all the substrate would have been destroyed had the reactions gone to completion, and assumed these to be of the first order. The timing of the readings had to be accurate, so that the necessary manipulations became difficult if many samples were to be examined.
The method used in this study employs a different principle. All the glass-ware was washed in hot soapy water and rinsed in several changes of water before drying in a hotair cupboard. The use of acid-dichromate cleansing solution was found to be unsatisfactory owing to the difficulty of removing all traces of this solution, which then reacted withthehydrogenperoxide and so gave false measurements.
The blood under investigation was collected by one of two methods: either by skin prick from the finger tip or lobe of the ear for immediate assay, or by venepuncture if there was likely to be any delay before it could be examined. In the latter case the blood was kept fluid with Wintrobe's oxalate mixture (Whitby & Britton, 1950) and showed no appreciable loss of activity even if stored up to 3 weeks at 40.
Once the blood had been diluted to the desired concentration, it was necessary to determine its activity as quickly as possible because, after dilution, the catalase activity decreased at a rate of about 5 %/hr METHODS Haemoglobin e8timation. The oxyhaemoglobin method described by Whitby & Britton (1950) was used except that 50 p4. of blood was diluted in 7 ml. of 0-04 % (v/v) aq. NH3 soln.
Whole-blood protein e8timation. This was done with the micro-Kjeldahl-nesslerization method as described by Varley (1954) .
Estimation of catalawe activity. Whole blood (50,ul.) was laked in 7 ml. of 0-04 % (v/v) aq. NH3 soln. and the haemoglobin content estimated. The white cells, which contain peroxidase, were then removed by centrifuging. A solution containing 51pg. of haemoglobin/ml. was then prepared by diluting with the buffer solution. Portions (2 ml.) were then placed in two tubes, which were transferred to a water bath at 370 for 5 min. to attain water-bath temperature.
A volume (1 ml.) of 0 03M-hydrogen peroxide soln., previously warmed to 370 in the water bath, was then added to each tube and also to two 'blank tubes' containing 2 ml. of phosphate buffer only. These 'blank tubes' were used to determine the initial amount of hydrogen peroxide added. The tubes were allowed to remain in the water bath for 75 min., when the reactions were complete. Sulphuric acid (2 ml. of 2N soln.) was added to each tube and the residual hydrogen peroxide titrated with O-lN-KMnO4 with a Conway microburette (1 ml. of 0 1 N-KMnO4_ 560 pl. of 02 at s.t.p. derived from the H202 soln.). Because of the low concentrations ofblood used, the amount ofKMnO4 reacting with the protein, or with the oxalate anti-coagulant, could be neglected.
The results were expressed as pl. of oxygen at s.t.p.
evolved from the hydrogen peroxide during the reaction. This figure was obtained by converting the difference of the 'blank' and final titrations into volumes of oxygen, and was referred to as the number of units of catalase activity/ 1014g. of baemoglobin.
To ensure that the loss of hydrogen peroxide that occurred was due to its breakdown into water and oxygen, and not to some other possible peroxidative or additive reaction, duplicate measurements were carried out on some of the blood samples with a manometric technique. The same quantities and dilutions of reagents were used in a Warburg manometric apparatus, and the total quantity of gas evolved, after the reaction had ceased, was estimated. Provided that the flasks were not shaken, the oxygen evolved was equivalent to the amount of hydrogen peroxide destroyed in the titrimetric method, and this was further confirmed by estimating the residual hydrogen peroxide in the manometric flasks.
During this experiment it was found that if the manometric flasks were shaken in the usual way, there was a considerable reduction in the amount of oxygen evolved and an equivalent reduction in the quantity of hydrogen peroxide destroyed. The effect of shaking on the reaction mixture is being further investigated, as it seems likely that this is the reason for the discrepancies observed in the manometric procedures by Theorell (1951) and Beers & Sizer (1953) . Fig. 1 shows that the reaction was completed in 60 min., although unchanged hydrogen peroxide was still present at this time; no further decomposition occurred even after 3 hr. Fig. 2 shows that so long as there is incomplete breakdown of substrate at the end of the reaction, there is a linear relationship between blood dilutions, i.e. the catalase content, and the amount of hydrogen peroxide finally destroyed. Furthermore, there is a maximum quantity of substrate that can be decomposed by a given amount of catalase under these conditions.
RESULTS
From these results, it was found convenient to use 003m-hydrogen peroxide solution, giving a final substrate concentration of 0 01 M, a final blood dilution of 10 pg. of haemoglobin/3 ml., and to allow at least 75 min. to elapse before estifriating the residual hydrogen peroxide.
Repeated tests on one sample over several days showed an experimental error of just under 6%. Tests were also carried out at irregular intervals on one of the normal subjects, and the results always fell within a range of 10 %, indicating a fairly constant figure for each subject.
It was desirable to calculate from the results obtained by this method the activity in terms of Kat.f., but since these were measured and calculated under different conditions from those of the present method, an analysis of the kinetics of the reactions taking place is necessary.
Curve A of Fig. 3 shows the logarithm of the concentration of undecomposed substrate plotted against time, from the results presented in Fig. 1 Fig. 1 . In curve A, the zero-time concentration of substrate is taken as the concentration of the added hydrogen peroxide. Curve B is constructed on the assumption that the zero-time concentration was the amount of substrate finally destroyed. Fig. 4 . Reaction velocities obtained from a series of experiments allowed to proceed for 3 min. before being stopped with 2 ml. of 2N-sulphuric acid. The blood sample used for Figs. 1 and 3 was used and diluted to 5B,g. of haemoglobin/ml. The left-hand figure is a detail from the first part of the right-hand figure. With this particular blood sample the maximum added substrate concentration that could be fully decomposed was 0-014x (i.e. an activity of 160 units).
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It is clear that the overall reactions between catalase and hydrogen peroxide under theconditions of these experiments involves not only the decomposition of the substrate but also the destruction of the enzyme itself.
Suppose the enzyme is destroyed in a first-order dE reaction, i.e. --k E where E is enzyme concentration at time t. Therefore E=be-k4t,
where b is initial enzyme concentration. Now suppose that the enzyme reaction obeys the Michaelis & Menten (1913) i.e.
x-Kmln (a-x) = k4 + b ek4t +C. Now, x = 0 when t = 0, so that C can be determined. Therefore i.e. b = Kx (where K = k4/k3), i.e. the amount of substrate finally destroyed is proportional to the initial concentration of enzyme. Since Km is also small, x can become 0-5 to 0-6 a before there is appreciable divergence from proportionality (Fig. 2) .
This analysis confirms that the method described has a satisfactory theoretical basis, although the reactions with respect to substrate decomposition are not of the first order. However, in order to convert the units of this method into those of Kat.f. it still remains necessary to determine the first-order-reaction velocity constant (substrate decomposition) for each sample. Fig. 3 (curve B) suggested that provided all the substrate is destroyed at the end of the reaction then its decomposition might be of the first order. Fig. 4 confirms this and shows that the initialreaction velocity is proportional to the substrate decomposition when this is below 0-014M, i.e. under these conditions the reaction was of the first order.
It is therefore possible from the initial slope of Fig. 4 to calculate the first-order velocity constant for this sample since V=klS, where V is the reaction velocity, S is the substrate concentration and k1 is the first-order-reaction velocity constant. Euler & Josephson (1927) , in order to determine Kat.f., used a reaction-velocity constant k which was a function of common logarithms (log10), whereas in the above formula kL is a function of natural logarithms (In).
Therefore it is necessary to substitute k for k, in the above formula, i.e.
V= 2-3kS. In order that k of this formula should be equivalent to k of Euler & Josephson's formula [k=1/t{Iog10(a/a-x)}], where a is the initial substrate concentration and x the substrate decomposed after t min., it was found that S was not the initial substrate concentration but the mean of the initial concentration and of the concentration at the time of taking the reading. V and S can now be obtained by taking any point on the linear firstorder portion of Fig. 4 , so that k can be determined.
For example, take the point: 8 pu. of 02/min.; 0-O1M-H202 added substrate. Since 3 ml. of reaction mixture is used, then 8/3 PJ. of 02 is evolved/ min./ml. of reaction mixture, i.e. V= 2-67, and the initial substrate concentration is 0-01/3M-H202, i.e. 37-3 yd. of available 02/ml., and at the time of taking the reading the substrate concentration has become (37-3-8) ,A. of available 02/mL. Therefore S= j[37-3 + (37-3-8)] = 33-3 ,u. of available O2/n3l. Kat.f. = k/(g. of protein x 50/3) since 3 ml. of reaction mixture was used instead of Table 1 . Determination of the factor for converting the units of activity of whole blood, obtained by the method de8cribed, into Katf. unite of washed red-blood cello k is calculated by applying the formula V =2-3kS to the results obtained after adding 1 ml. of 0-01m-HE0 solution to 2 ml. of buffer solution containing 10jug. of haemoglobin, the reaction being stopped after 3 min. with 2 ml. of 2N-HtSO0 and the amount of substrate destroyed being measured (see text for detailed example.) The reactions are of the first order u,nder these conditions (Fig. 4) 176 Kat.f. units, a figure agreeing well with that of 166 found by Herbert & Pinsent (1948) for their sample. Thus if the whole-blood protein is estimated it is possible to determine Kat.f. values for whole blood by this method. It was found, however, that with eight different blood samples the activities obtained by this method were the same whether whole blood was used or whether the red cells of these samples were washed free of plasma with physiological saline (0-89 % NaCl) before assay (Table 1) . It was also found that washed red celLs contained less than 1 % of protein which was not haemoglobin. It is therefore possible to dispense with whole-blood protein determinations and to convert the units of this method obtained for whole blood into Kat.f. values for washed redblood cells, as follows:
Kat.f. (washeed nd cell) k(whole blood)/(10 X 10-X 50/3).
For sample 1 (Table 1) Secondly, a nearly pure sample of human red cell, haemoglobin-free catalase (Kat.f. = 23 000) was prepared by the method of Herbert & Pinsent (1948) , and this was suitably diluted to give a concentration of about two-thirds of that usually found with blood samples by this method. Three different samples of blood were obtained and their activities determined. These were then diluted to 10,ug. of haemoglobin/ml. and to 1 ml. of each sample was added 1 ml. of the catalase solution. These results are shown in Table 3 .
It follows that no protective action by the protein was found and furthermore that complete recovery of added catalase was obtained.
Catalae content of blood from normal and diseased subject8. This method was applied to blood samples collected from normal people, and from patients of all ages, including infants, whose blood was being investigated during routine clinical laboratory work for a wide variety of conditions, including pernicious anaemia, iron-deficiency anaemia and varieties of anaemia of secondary origin.
It is unfortunate that during the time these investigations were being conducted, no cases of anaemia associated with porphyria, or other unusual examples of altered haemoglobin metabolism, were encountered since it is in these sorts of Table 4 show a narrow distribution, suggesting a fairly close and constant relationship between haemoglobin and catalase which is not disturbed when there is anaemia of any of the usual types, no matter how severe its degree. In order to verify this impression a scatter diagram (Fig. 5) was constructed. In this figure, the abscissa is the catalase activity of each sample expressed as units of activity/2 ml. of a 1:29 600 dilution of whole blood. Since the haemoglobin concentration of each sample was known, and since within the limits of the dilutions used in this method the units of activity of any sample was directly proportional to the haemoglobin content of that sample (see Fig. 2 ), it was a simple matter to derive the figures plotted from the results obtained and summarized in Table 4 .
This graph shows the close linear relationship that exists between catalase activity and the haemoglobin concentration of human blood. This linear relationship suggested that the method used was in fact measuring haemoglobin and not catalase. However, Perlmann & Lipmann (1947) were unable to detect any catalase activity with crystalline haemoglobin, and a report has been published of a family in which several members showed no catalase activity in their blood despite normal haemoglobin concentrations (Takahara, 1952) . Furthermore, complete recovery of haemoglobin-free catalase added to the blood samples was obtained by this method (see Table 3 ).
The use of a constant haemoglobin content, rather than a constant blood dilution, to compare the activity of different samples is supported by the findings shown in Fig. 5 . It also justified the decision not to express the activity as a relationship of a fixed number of red cells, since their haemoglobin concentration varies widely in the different types of anaemia. Richardson, Huddleson, Bethea Vol. 68
